M A R k A . d E v R I E S & A N d R E W h A R R I S O N
T he mineral herbertsmithite has been hailed as a rare model of an unconventional type of magnetism thought to have a key role in the mechanism of hightemperature superconductivity (a form of superconductivity that occurs above 30 kelvin). But concerns have been raised that chemical disorder in this material could produce defects in the array of magnetic atoms, disturbing or even destroying the properties that make it a useful model. In the Journal of the American Chemical Society, Daniel Nocera and his group 1 now report that they have clearly identified the type of disorder present, and have found it to have little influence on the magnetic lattice of the mineral. This represents a crucial step in establishing a simple, clean system to provide unambiguous insight into this important form of magnetism.
A material's magnetism is ultimately derived from unpaired electrons, each of which has a property called spin (S), with a value of ½, that bestows on each of them a magnetic moment. In insulators, such moments or spins are localized on atoms, and commonly interact with their closest neighbours so that specific spin orientations are preferred. In most cases, an antiparallel (antiferromagnetic) configuration of nearest-neighbour spins is favoured so that, when a lattice of such atoms is cooled, their spins usually freeze to form an ordered array (Fig. 1a) . However, under certain circumstances -for some magnetic lattices, for instance -quite different behaviour can ensue. One such case is the kagome antiferromagnet, which is formed from corner-sharing triangles (Fig. 1b) . In these systems, it is impossible to arrange each near-neighbour pair of spins so that they are all antiparallel, and the system is said to be geometrically frustrated.
PhYSICAL ChEMISTRY

Model's reputation restored
The structure of a mineral has been validated, ending the controversy about its potential usefulness as a model of an unusual magnetic lattice. This model might provide insight into superconductivity.
the number of connections that they form? In other words, are there brakes that prevent premature and overabundant connectivity at early developmental stages? And how might such brakes be removed for synapse formation to proceed?
Functional analysis of UBE3A has provided some clues with which to answer these questions. This protein is an E3 ubiquitin ligase -an enzyme that transfers the small protein ubiquitin onto substrate proteins. Once tagged, these substrates are degraded by the proteasome complex and are removed from the cell. UBE3A thus controls the levels of specific substrate proteins 5 . In Angelman syndrome, the neuronal level of UBE3A substrate proteins is abnormally high, causing perturbed brain development and function 5 . Although some UBE3A target proteins have been identified, the key substrates responsible for the development of Angelman syndrome have remained obscure. Margolis et al. 3 and Greer et al. 4 identify two UBE3A substrates that may explain several aspects of neuronal dysfunction in this disorder.
Margolis and colleagues provide com pel ling evidence that UBE3A ubiquitin ates a neuronal signalling molecule called Ephexin-5 (Fig. 1a) . Levels of Ephexin-5 are increased in mouse models of Angelman syndrome. In a series of experiments, the authors probe what happens to neuronal circuits when cells express either too much or too little Ephexin-5. They find that this protein restricts synaptic development. During early postnatal life, Ephexin-5 levels are high and keep the number of synaptic connections low, so that neurons do not indiscriminately form synapses with any cell that they contact.
Ephexin-5 blocks synapse formation by activating the signalling protein RhoA -a GTPase that limits the growth of dendritic spines. However, when two neurons interact, activation of the signalling receptor EphB promotes phosphorylation of Ephexin-5. Phosphorylated Ephexin-5 is subsequently ubiquinated by UBE3A, tagging it for degradation. Once Ephexin-5 is removed, the establishment of new synaptic connections can proceed. However, in Angelman-syndrome neurons UBE3A is absent, allowing Ephexin-5 to accumulate; consequently, the cells exhibit increased RhoA activity and form too few synapses (Fig. 1b) , resulting in dysfunction of neuronal networks.
Whereas Ephexin-5 controls synapse number, Arc -the other UBE3A target, which Greer et al. 4 identified -controls synapse function and plasticity. Specifically, Arc promotes the removal of synaptic receptors that respond to the neurotransmitter glutamate; this results in either a reduction or silencing of synaptic communication 6 . Greer and colleagues discovered that UBE3A binds to and ubiquitinates Arc, thereby promoting its degradation. In UBE3A-deficient neurons, Arc accumulates, leading to a decrease in synaptic levels of glutamate receptors and a disruption of normal synaptic function (Fig. 1) .
The discovery of two UBE3A substrates provides a mechanistic explanation for at least some aspects of Angelman syndrome at a cellular level. Dysregulation of Ephexin-5 and Arc represent potential causes of alterations in synapse number and plasticity, respectively, both of which are hallmarks of this disorder.
Notably, these findings may also have implications for autism. Some patients with autism carry a duplication of the genomic region 15q11-13, which contains, among other genes, Ube3A. This mutation results in increased expression of UBE3A and other proteins 2 . Extrapolating from the data of Margolis et al. 3 and Greer et al. 4 , increased UBE3A levels result in reductions in Ephexin-5 and Arc levels, thereby increasing neuronal connectivity and synaptic transmission. These hypotheses can be tested in recently generated 7 mouse models carrying a duplication of this genomic region.
These fresh insights 4, 5 into neuronal dysfunction in Angelman syndrome also point to candidate drug targets. For example, some of the traits associated with the Ube3A mutation in mice can be reversed by activation of calmodulin-dependent kinase 2, a signalling protein that has been implicated in promoting the delivery of glutamate receptors to synapses 8 . The new findings provide a first step in the attempt to alleviate the neuronal defects of Angelman syndrome, as well as related neuro developmental disorders such as autism. ■
The lowest-energy arrangement of a kagome antiferromagnet might be expected to be one in which neighbouring spins are oriented 120° to each other (Fig. 1c) . However, the physicist Philip Anderson pointed out that, for several lattices composed of triangles 2 in which there is just one electron per atom (that is, when S = ½), it is more favourable for neighbouring spins to pair up in a manner analogous to that of the electron spins in chemical bonds. Quantum mechanics allows the spins in 'valence' bonds to be simultaneously up-down and down-up (where 'up' and 'down' are the two possible alignments of the spins), thus relieving geometric frustration by effectively allowing pairs of local moments to cancel out.
Because such coupling may occur between all pairs of spins, the overall picture is that of a 'liquid' of valence bonds, a state that resonates between all possible ways of making such bonds (Fig. 1d ). This state is called a quantum spin liquid, or a resonating valence bond (RVB) liquid (by analogy with Linus Pauling's model 3 of chemical bonding in organic molecules such as benzene, in which the chemical structure can also be described as a hybrid of different valencebond arrangements). It was proposed 4 again by Anderson -that in the cuprate class of high-temperature super conductors, the RVB state enables the formation of superconducting charge carriers.
Among lattices of triangles, kagome lattices that have antiferromagnetically coupled spins of S = ½ have been regarded for some time as prime candidates for a RVB state. But an undistorted realization of this highly prized system -herbertsmithite, which has the nominal formula ZnCu 3 (OH) 6 Cl 2 -was only recently reported 5 by Nocera's group. To be precise, it is the array of spins on the copper ions (Cu 2+ ) in herbertsmithite that could form an RVB magnetic state (Fig. 1e) .
It was soon demonstrated 6 that, although there is a very strong antiferromagnetic coupling between spins in the mineral, no spin freezing could be observed, even at temperatures as low as 50 millikelvin. This is consistent with the existence of some form of RVB state in herbertsmithite. But evidence was also found for disorder in the compound's structure, raising concerns that it was not as clean a model system as had been hoped. Neutron-diffraction data, combined with elemental analysis using inductively coupled plasma Auger electron spectroscopy (ICP-AES) on herbertsmithite indicated that about one-quarter of the sites expected to be occupied by zinc ions (Zn 2+ ) are actually occupied by Cu 2+ (Fig. 1e) , and that one-twelfth of the Cu 2+ sites on the kagome lattice are occupied by Zn 2+ . The actual level of disorder was estimated to be slightly lower, however, on the basis of analyses of the compound's magnetic susceptibility 7 and heat capacity 8 . Both of these properties contain a contribution from nearly free spins (which interact only very weakly with other spins in the material). This contribution can be attributed to the S = ½ spins of Cu 2+ ions occupying one-fifth of the Zn 2+ sites. Nocera and colleagues appreciated that the uncertainty about the disorder was unsatisfactory -they felt that rigorous determination of the exact level of disorder should depend on structural and chemical methods alone. They therefore performed 1 new measurements on herbertsmithite, using a suite of tech niques: X-ray absorption spectroscopy and advanced X-ray-and neutron-diffraction methods. Taken together, their results show that about 15% of the Zn 2+ sites are occupied by a Cu 2+ ion, thus confirming the earlier interpretations of the magnetic susceptibility 7 and heat capacity 8 of herbertsmithite, and convincingly dispelling the last doubts about the concentration of Cu 2+ ions (and so of S = ½ spins) on the Zn 2+ sites. These defect spins will interact only weakly with other spins, and thus will have very little influence on the behaviour of the spins on the kagome lattice.
What comes as a surprise in Nocera and colleagues' results 1 is that the concentration of Zn 2+ ions in the kagome Cu 2+ sites was found to be only about 1 ± 3%. This is good news for those investigating quantum magnetism -it means that there are very few vacancies in the periodic array of spins forming the kagome lattice, allowing for a reliable comparison between theory and experiment in herbertsmithite. The lower than expected chemical disorder implies that the chemical formula of herbertsmithite is probably closer to Zn 0.85 Cu 3.15 (OH) 6 Cl 2 , rather than ZnCu 3 (OH) 6 Cl 2 , as was thought previously. This revised formula will doubtless be checked in other laboratories using the ICP-AES method of chemical analysis.
As the first RVB system in which spin correlations and dynamics can readily be measured, herbertsmithite has great potential to reveal the character of spin liquids. More broadly, it should also allow an exploration of the relationship between antiferromagnetism and superconductivity in layered transition-metal compounds. 
